Abstract: Eight genotypes (clones) of Pinus radiata were subjected to drought and stem inclination to assess genotype response to common stressors. While drought stress reduced diameter growth, height growth and total biomass accumulation, root to shoot (R/S) ratios were unaffected. Drought-stressed plants had significantly lower average acoustic velocity, but longitudinal shrinkage (LS) and density were not different from those of the control plants. Radial diameter growth and R/S ratios were unaffected by tilting. Inclined stems had significantly lower acoustic velocity, and significantly higher LS and density than control stems. Acoustic velocity had a strong negative correlation with LS (r 2 = 0.79). Compression wood (CW) content was much higher in tilted plants, compared to control and drought treatment plants. The CW of tilted trees had different chemistry than that of the CW of drought and control plants. Genotypes differed significantly in the amount of CW formed as a response to tilting, demonstrating that the formation and extent of CW is genetically influenced. Mechanical perturbation in conjunction with acoustic methods for assessing stiffness would be a useful approach for early-age selection of genotypes less prone to form CW.
Introduction
Wood formation is a complex process initiated in the tree crown and the vascular cambium and the resulting effects on wood properties are controlled by genetics and environmental factors (Larson 1994) . Environmental stresses have adverse effects on plant growth and productivity, and are predicted to become more severe and widespread in decades to come (Osakabe et al. 2012) . Understanding the cambial response to environment stresses is crucial in order to learn about their cumulative effects on the wood quality characteristics.
Many studies have examined the relationship between tree water status and xylem development in Pinus radiata D. Don (Shepherd 1964; Sheriff and Whitehead 1984; Downes 1990; Snowdon and Waring 1991; Stone et al. 2012) and other species (Rossi et al. 2009; Jyske et al. 2010; Christensen-Dalsgaard and Ennos 2012) . Decreased frequency of cambial cell division, increased cell-wall thickness and decreased lumen diameter (latewood-like cells) generally occur in conifers in response to water deficit. Drought has often been associated with change in wood properties such as increased density (Christensen-Dalsgaard and Ennos 2012) or an increased density peak within earlywood (EW) (Rozenberg et al. 2002; Grabner et al. 2006) . Ochroma pyramidale, Betula pendula and Acacia karro seedling stems subjected to drought had stiffer and stronger stems on average than well-watered individuals (ChristensenDalsgaard and Ennos 2012) . Eucalyptus nitens subjected to severe drought had the smallest micro fibrill angle (MFA) and when water stress was released, the MFA began to increase (Wimmer et al. 2002) . Most studies on the effects of drought on biomass reported changes in biomass allocation pattern between the roots and the shoots (López et al. 2009; Schall et al. 2012; Espinoza et al. 2013 ).
The genetic component of a tree's physiological response to water stress has been investigated (Monclus et al. 2006; Meier and Leuschner 2008; Rowell et al. 2009 ). Genetic variation was observed in growth but not in some of the drought responses such as δ 13 C (carbon isotope composition) and the R/S ratio.
Young plants growing in an open or wind-exposed environment, produce large amounts of randomly distributed compression wood (CW), in the process of righting themselves (Bamber 2001) . In mature trees, wood quality is deteriorated by higher amounts of CW due to high longitudinal shrinkage (LS) and warp, which, in turn, can be related partly to higher cellulose MFA in CW (Harris 1977; Timell 1986b; Donaldson and Turner 2001) . CW is chemically different from normal wood (NW) in that it has more galactan and lignin, and less cellulose and galactoglucomannan (Timell 1986a) . As the severity of CW increases, the amount of lignin and galactan increases accordingly; hence, these act as chemical indicators of CW severity (Nanayakkara et al. 2005) .
The heritability of CW has been reported to be significantly high ranging from 0.3 to 0.9 (Shelbourne et al. 1969; Apiolaza et al. 2011b ). Genotypes showed differences in their propensity to form CW at age 12 (Burdon 1975 ). Significant differences between P. radiata seedling families were found with more susceptible families exhibiting greater initial magnitudes of stem lean Downes et al. 1994) .
The question remains whether genotypes differ in their response to mechanical stress, and whether it is possible to assess genotypes less prone to CW formation at very early ages. Sierra- De-Grado et al. (2008) induced the formation of CW in one-year-old provenances of P. pinaster and studied the biomechanical response to this stimulus. A similar approach was applied (Telewski and Jaffe 1986; Nakada 2007) for selection purposes at early ages. The rationale for this selection method is that genetic differences in a young plant's ability to control stem form will continue throughout the life of the tree. This concept should not be confused with growing young plants at a lean as a means of obtaining NW free of CW for wood quality screening purposes (Apiolaza et al. 2011a,b) .
The objective of the study was to investigate the response of different genotypes of young P. radiata trees to drought and mechanical stresses. The responses of growth, biomass, wood density, acoustic velocity, LS, CW severity, and chemical composition were measured as a function of drought and stem inclination. Also, the bacterial enzyme 1-aminocyclopropane-1-carboxylate (ACC) deaminase, which is a precursor to the plant stress hormone ethylene, was assessed to understand the soil bacterial response to drought. Such genetic differences, if present, could be valuable in early clonal selection programmes to differentiate between superior genotypes that are more drought resistant or less prone to CW formation.
Materials and methods

Experimental design
A two-way factorial design experiment (genotype × stress) was established at Scion nursery, Rotorua, New Zealand (Latitude, 38.2° and Longitude, 176.3°). Eight P. radiata genotypes were planted in 20 l planter bags with standard potting mix and drip irrigated. The planter bags were placed outside at 0.5 m intervals on permeable polythene matting in an area sheltered from wind. Five genotypes, 28, 31, 38, 41, and 45 (Forest Genetics Ltd) , were improved production clones and were propagated from 6-month-old cuttings, while genotypes 708, 738, and 794 (Forest Genetics Ltd, Rotorua, New Zealand) were unimproved clones propagated by embryogenesis. The physiological age difference between these two groups of clones was approximately 6 months. Physiological ageing is the phenomenon whereby trees propagated from cuttings may exhibit some of the physiological characteristics of the older trees from which they were propagated.
Plants were grown in their planter bags without any artificial stress for 3 months prior to applying treatments to one-year-old plants. The trees were then grown under stress treatments from June 2010 to June 2011. The experiment consisted of nine plots, with three replicate plots for each of three treatments, control, tilt, and drought. Each of the replicate plots contained three individuals (or ramets) of each of the eight genotypes. In total, 216 plants included 8 genotypes × 3 ramets × 3 treatments × 3 replicates for each treatment.
Treatments
Drought stress was applied by covering the soil in each bag with a water-proof membrane skirting and restricting the watering to obtain a 50% field capacity of the potting mix by a controlled sprinkler system. Field capacity is the maximum amount of water that a soil or rock can hold, as by capillary action, before the water drains away. At regular intervals, pots were weighed and field capacity was calculated to check that the irrigation was performing as expected ( Figure 1 ). Control and mechanical treatment watering regimes were targeted at near 100% field capacity. Mechanical stress was applied by tying the seedling stems to a stake at 5, 15, and 30 cm to maintain the lean at the lower 5-30 cm part of the stem, and then tilting the planter bag to a 30° lean. Treatments were applied from June 2010 to June 2011, and the plants were harvested during July-August 2011.
Growth and biomass measurements
The overall mean height and root collar diameter at the beginning and at the end of stress application is given in Table 1 . Relative height (Δheight = X t -X o ) and diameter increments (Δdiameter = X t -X o ) were selected as parameters, where X o represents the initial value (June 2010) and X t the value after the treatment (June 2011). At harvest, 
Assessment of ACC deaminase activity
The activity of the bacterial enzyme ACC deaminase, which is a precursor to the plant stress hormone ethylene, was assessed as an indicator of drought stress on the soil microbial community. Based on variation in growth measurements, a slow growing genotype (31) and a fast growing genotype (41) were selected for an examination of bacterial ACC deaminase activity. Soil samples (from 0 to 10 cm depth) were collected from the planter bags and ACC deaminase activity was assessed by a modified method of Smaill et al. (2010) , in which 5 ml of 20 mM ACC in 0.1 M Tris buffer (pH 8.5) is the substrate for enzyme activity. Enzyme activity (α-ketobutyrate production) was determined by absorbance at 540 nm with a Fluostar Optima (BMG Labtech, Offenburg, Germany).
Compression wood (CW)
The amount of visible moderate and severe CW was assessed from red, green and blue (RGB) images made of freshly cut and wet cross ends scanned on a flatbed scanner. Images were taken at 5, 15, 20, and 30 cm up the stem from the base and an average CW content was calculated. CW areas were visually identified and manually estimated as a percentage of the whole stem cross sectional area with the GIMP 2.8 image analysis program (www.gimp.org).
Wetting the surface enhanced the colour contrast between NW and severe CW, but mild CW cannot be reliably identified visually (Donaldson et al. 1999) . Owing to the large number of samples involved, microscopic examination was only performed from a subset of samples to confirm the visual identification.
Acoustic velocity
Sections (free of branches) of live plant stems (between 15 and 30 cm up the stem) were selected and longitudinal wave time-of-flight (ToF) acoustic velocity (V s ) was determined based on the method of Emms et al. (2012) with accelerometers attached at 10 cm apart along the selected section. The same 10 cm stem section was then cut from the stem and bark was removed, and the stem section was equilibrated to 12% moisture content (MC) in a climate chamber (60%, 25°C). The acoustic velocity was measured by the longitudinal-wave acoustic resonance (V dx ) technique as described by Emms et al. (2013) . Modulus of elasticity (MoE) or stiffness of dry xylem was then calculated: MoE = ρν 2 , where ρ is dry density of the stem section.
Longitudinal shrinkage (LS) and density
This was performed on the 10 cm stem piece used for resonance measurements. LS was measured by means of a custom-designed jig attached with a micrometer. Two spherical-headed map pins were inserted in line on the opposing end faces of each specimen in the fresh green condition and secured by epoxy putty. The pinheads formed the reference points for length measurements. The spherical heads of the pins rested precisely on the tubular ends of the jig, one of which corresponded to the hollow cylindrical end of the stem of the micrometer. The displacement of the micrometer was recorded. Shrinkage was measured from green to oven dry (55°C) condition. LS was calculated:
where, L g = length of green stem, L od = length after oven drying. Air-dry wood density was assessed by obtaining the weight and volume (by water immersion) of the stem sections at 12% MC.
Chemistry
To assess the impact of stress on cell-wall chemical composition, CW and NW areas were sampled separately and analysed. Chemical analysis was only performed on genotypes 28, 31, 38, 41, and 45, and for a particular genotype and a wood type, ground wood prepared from three individual ramets was pooled to form a single sample. A stem piece taken at 5-15 cm from the base was sliced into thin discs with a band saw and visually identified CW and NW areas were carefully isolated by using a chisel. All wood samples were air-dried, ground in a Wiley mill to pass a 20-mesh screen, then extracted with dichloromethane overnight in a Soxhlet extractor and reground to pass a 60-mesh screen. The total lignin content was determined in duplicate as the sum of the Klason lignin plus acid-soluble lignin following 
Data analysis
The statistical analysis was done by means of the mixed procedure of SAS statistical analysis package (SAS version 9.2; www.sas.org). Firstly, the plot means were calculated for each of the nine plots. Statistical analysis was carried out on the basis of these plot means as the experimental units. A latin-square approach with stress treatment as the mainplot factor was applied with genotype as the subplot factor, and an interaction factor (treatment × genotype). Significant differences were identified with the Tukey-Kramer test for multiple comparisons among least square means. A probability level of 0.05 was assumed to represent a significant difference.
Results and discussion
Growth and biomass
Diameter and height growth of drought-stressed plants (T drought ) were significantly lower than those of the control plants (T control ), whereas in case of tilt treatment (T tilting ) these parameters were not significantly different from those of the T control ( Table 2 ). The ratio "height to diameter growth" for treated materials was essentially the same as that of the T control . As expected, the decreased water availability reduced the annual height and radial increment, in agreement with previous reports on P. radiata plants (Downes 1990) . During drought stress, cambium enters a semi-dormant state, which inhibits cell division and stem growth (Shepherd 1964 ). There were no significant differences in growth between leaned and straight young P. radiata plants (Apiolaza et al. 2011a) . Similarly, there was no significant difference in growth between staked and the unstaked plants ). There were significant differences in the height and diameter increment across genotypes (P < 0.0001; Table 3 ). Clone 41 was the fastest growing among all genotypes while 708 was the slowest in terms of diameter growth and 45 was the slowest in terms of height. The treatment × genotype interaction was significant for height increment (P = 0.032) but not for the diameter increment. Across all genotypes, above ground and below ground biomass accumulation was less (13 and 15%, respectively) in the T drought compared to the T control (Table 2 ). An average root to shoot (R/S) ratio of 0.60 was observed across all treatments. In most studies focusing on drought stress, the R/S ratio was changed (López et al. 2009; Schall et al. 2012; Espinoza et al. 2013 ). However, four-year-old Fagus sylvatica L. (European beech) plants (Meier and Leuschner 2008) and Norway spruce plants (Schall et al. 2012 ) subjected to summer drought did not show any changes in R/S ratios.
In the T tilting , total above ground biomass accumulation was higher than that of T control due to the fact that this treatment had more branches and branch foliage than the T control . The interpretation is that inhibiting the movement of the stem in response to external forces fosters the apical control over the stem formation and impedes branch production. A reduction in branch number in the staked trees over the unstaked plants has been observed previously .
It is interesting to compare the differences in response to tilting and flexing. While our results showed that T tilting does not affect growth and R/S ratios significantly, wind or other mechanical perturbations such as flexing had a direct effect of increasing radial growth, reducing stem elongation, and decreasing total biomass above ground (Telewski and Jaffe 1986; Stokes et al. 1997; Telewski and Pruyn 1998; Kern et al. 2005) . Significant clonal differences were seen in the R/S ratio (Table 3) . Genotype 708 had the highest R/S ratio of 0.70 and clone 41 the lowest of 0.51. The treatment × genotype interaction was significant for stem (P = 0.032), total above-ground biomass (P = 0.020) and roots (P = 0.012). Plants grown in planter bags showed significantly higher R/S ratios (0.70-0.51) compared to plants grown in nursery beds, which had R/S ratios around 0.2 (Beets et al. 2007 ). Similar ratios have been reported with young Sitka spruce plants grown in pots to determine the effect of flexing and nutrition, which had R/S ratios ranging from 0.62 to 0.78 (Stokes et al. 1997 ).
ACC deaminase activity
ACC deaminase activity was significantly greater in T drought than in T control , ( Table 4) , showing that the bacterial community responds to the drought stress of the plants. The stressed plants exude ACC and reduce ethylene production (Glick et al. 1998; Hontzeas et al. 2006) . Enzyme activity did not vary with genotype and the interaction term was not significant (P = 0.180). Accordingly, genotypes 31 and 41 did not differ in their ability to influence ACC deaminase activity in the soil bacterial community. A tree genotype capable of influencing soil bacteria to increase the activity of this enzyme will likely have increased tolerance to drought stress.
Wood density, shrinkage and resonance velocity (V dx )
In-stem (V s ) and dry xylem resonance velocity (V dx ) in drought-stressed stems were significantly lower than those in T control ; however, LS and density were not different from those of the T control (Table 5) . Probably, droughtstressed plants formed only a mild CW (see section on CW severity), hence wood properties such as LS were not affected seriously. Drought response may vary between species and higher density may be one of the responses to drought (Jyske et al. 2010; Christensen-Dalsgaard and Ennos 2012) . P. radiata plants subjected to intermittent drought and irrigation had average densities lower than the well-watered trees (Drew et al. 2011) . The densities of EW and LW are different because of the differences in their lumen diameter and cell-wall thicknesses. Therefore, the average density resulting from T drought might be dependent on the circumstances of drought stress, which influences the LW production.
The stems of T tilting , had a lower V dx (or assumed lower stiffness), and higher LS and density compared to the T control (all statements significant at 0.05 level). There was nearly two-fold difference in LS values between the T tilting and the T control . The formation of elevated amounts of severe CW in the T tilting resulted in stems of lower stiffness, and, Green to oven dry. V s , in stem acoustic velocity; V dx , resonance velocity of dry xylem; CW, compression wood; SE, standard error; F-value, value calculated; P r , probability calculated from F-value. Means in the same column followed by different letters indicate significant differences between different treatments (Tukey-Kramer's SD, P = 0.05).
therefore, of lower acoustic velocity. Both the reduced stiffness and higher LS are due to higher MFA in the S2 layer of CW (Yin et al. 2011) . These results are in agreement with measured wood properties of 18-month-old seedling CW formed by tilting wherein shrinkage increased and velocity decreased with increasing MFA (Apiolaza et al. 2011a,b) . Significant (P < 0.001) genotypic differences were observed concerning V dx or stiffness. Clone 31 had the highest V dx out of five production clones tested while clone 708 had the lowest V dx out of all clones and out of three non-production clones (Table 6 ). The large differences in V dx between genotypes might be due to extremes in the MFA in juvenile wood (JW). In JW a strong negative correlation between MFA and acoustic velocity has been reported (Cown et al. 1999; Lachenbruch et al. 2010; Hasegawa et al. 2011) . A very high MFA in 708 would result in a high LS and a low V dx . A better knowledge about the MFA may be the key to understanding these effects better.
LS and density showed significant differences between genotypes. Clone 708 had the highest LS and clone 31 the highest density out of all genotypes studied, resulting in a significant treatment × genotype interaction for shrinkage (P = 0.028) and density (P = 0.006).
While V dx (and derived stiffness) was positively correlated with in-stem acoustic velocity (V s ) (r 2 = 0.88), it was negatively correlated with LS (r 2 = 0.79) (Figure 2 ). Clone 31, with the highest velocity (V dx ), had the lowest LS, and clone 708, with the lowest velocity, had the highest LS. In 18-month-old P. radiata plants, both green and V dx data were highly negatively correlated with LS and volumetric dimensional shrinkage (Apiolaza et al. 2011b) . Acoustic measurements coupled with mechanical perturbation have a high potential as an early screening tool for dimensional stability, as suggested in the literature (Lindstrom et al. 2002 (Lindstrom et al. , 2005 Apiolaza et al. 2011b) 
Compression wood (CW)
CW was present in all treatments, substantially smaller amounts in both the T control (0-13%) and T drought (0-8%) compared to T tilting (40-60%), which was significantly different from T control and T drought (P = < 0.0001) ( Table 5) . CW in vertical stems results from corrections to a previous leaning or from small, less obvious asymmetric loadings within the stem. Occurrence of 13-17% CW in rocked and straight plants has been reported (Apiolaza et al. 2011a) , apparently caused by the stem movement. Several studies have suggested that the formation of CW aids stems to remain straight, and can be prevalent even in straight trees (Warensjö and Rune 2004) . There was no consistent pattern between percentage CW at different heights up the stem although, in general, more CW was detected in the lower part of the plant stem. One clear observation was the high variability of the trees' response to T tilting . This observation is in agreement with data of Lachenbruch et al. (2010) , where CW in inclined five-year-old P. radiata varied from 0 to 59% and where higher values were found at the tree bases.
Genotypes differed significantly in the amount of CW formed (P = < 0.0001) (Table 6, Figure 3 ). Clone 794 produced large amounts of CW under T tilting . The interaction between genotype and CW formed in response to T tilting was significant (P = 0.004). The genotypes tested here differed significantly in their response to T tilting . Hence, warp propensity could be screened at the seedling stage by evaluating the propensity of CW formation through mechanical perturbation. Three seven-year-old P. radiata clones subjected to the same 45° lean had differing amounts of visual CW (Lindstrom et al. 2005) . Telewski and Jaffe (1981) observed that six-month-old P. taeda plants of different genetic background respond in slightly different ways to identical mechanical perturbations under similar environmental conditions.
The LS was positively correlated with the amount of CW (r 2 = 0.46) (Figure 4) . However, this correlation improved (r 2 = 0.77) when genotype 708 was excluded. Genotype 708 had the highest LS of all genotypes tested but it does not appear to be driven by the amount of CW formed. Generally genotypes that produced higher amounts of CW showed higher LS, e.g., clone 794. According to Öhman (1999) , the amount of CW, which is relatively easy to measure, could be a rough indicator for LS. LS is highly correlated with MFA (Xu et al. 2009) , and the CW MFA is higher than that of NW. Core wood or JW is known to have very high MFA ( > 40°), and in such cases the correlation between MFA and LS is no longer valid.
Chemical composition and CW severity
Drought and tilting stresses did not alter the chemical composition of NW beyond the usual between-tree variation (Kibblewhite et al. 2010) ; however, CW chemistry was significantly affected (Table 7) . CW in the T control and T drought had lignin and galactose contents of 31-33% and 5-8%, respectively, while in T tilting , lignin and galactose contents were in the range 37-40% and 9-12%, respectively ( Figure 5 ). There was a linear relationship between galactose and Klason lignin content showing three clusters for NW, mild CW, and severe CW ( Figure 5 ). Changes in CW severity are associated with increased lignin and galactose contents, and decreased glucose content (Nanayakkara et al. 2009; Kibblewhite et al. 2010) . Based on the results in the present paper it is obvious that, T control and T drought produce mild to moderate CW, while T tilting leads to severe CW (Nanayakkara et al. 2009; Brennan et al. 2012) .
In CW, arabinose and xylose showed significant variation among genotypes. In NW, all wood chemical components, except lignin, revealed significant variation among genotypes (Table 8 ). The interaction between treatment and genotype was significant in the case of CW lignin content and NW xylose content. According to our results, Means in the same column followed by different letters indicate significant differences between treatments (Tukey's SD, P = 0.05). SE, standard error.
carbohydrate composition of NW is genetically controlled. Donaldson et al. (1997) investigated the clonal variability of 16-year-old P. radiata and found significant variation among clones in all wood chemical components except for glucose. The authors emphasised the necessity for sampling of CW and NW separately for an objective comparison between genotypes.
Conclusions
Different genotypes displayed significant differences in growth but no differences in biomass accumulation under drought stress. Apparently, drought response in P. radiata plants is not under genetic control. Drought stress does not affect wood properties significantly at an early age, but this statement still needs confirmation. Drought not only reduces P. radiata growth, it also leads to the formation of a mild type of CW. In contrast, genotypes responded differently to tilting stress, and it was interpreted that the formation and extent of CW is genetically controlled. This variability can be detected in young trees by means of acoustic tools, which could be beneficial in clonal selection programmes to differentiate between superior genotypes at an early age of around three years. Testing young plants in clonal selection programmes has many advantages. For example, small scale genetic tests at closer spacing, shorter time span for a screening cycle, young stems are easier to handle and measure, large number of individuals can be tested, and a better control of environment conditions can be achieved by growing of plants in containers.
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